The TET enzymes are members of the 2-oxoglutarate-dependent dioxygenase family and comprise three isoenzymes in humans: TETs 1-3. These TETs convert 5-methylcytosine to 5-hydroxymethylcytosine (5-hmC) in DNA, and high 5-hmC levels are associated with active transcription. The importance of the balance in these modified cytosines is emphasized by the fact that TET2 is mutated in several human cancers, including myeloid malignancies such as acute myeloid leukemia (AML). We characterize here the kinetic and inhibitory properties of Tets and show that the K m value of Tets 1 and 2 for O 2 is 30 M, indicating that they retain high activity even under hypoxic conditions. The AML-associated mutations in the Fe 2؉ and 2-oxoglutaratebinding residues increased the K m values for these factors 30 -80fold and reduced the V max values. Fumarate and succinate, which can accumulate to millimolar levels in succinate dehydrogenase and fumarate hydratase-mutant tumors, were identified as potent Tet inhibitors in vitro, with IC 50 values ϳ400 -500 M. Fumarate and succinate also down-regulated global 5-hmC levels in neuroblastoma cells and the expression levels of some hypoxia-inducible factor (HIF) target genes via TET inhibition, despite simultaneous HIF␣ stabilization. The combination of fumarate or succinate treatment with TET1 or TET3 silencing caused differential effects on the expression of specific HIF target genes. Altogether these data show that hypoxia-inducible genes are regulated in a multilayered manner that includes epigenetic regulation via TETs and 5-hmC levels in addition to HIF stabilization.
The 2-oxoglutarate-dependent dioxygenases (2-OGDDs) 2 comprise an enzyme family of about 70 members in humans (1, 2) . These enzymes all share the same basic reaction mechanism, in which the substrate is hydroxylated by molecular oxygen in the presence of a divalent metal cofactor (most commonly Fe 2ϩ ) and the 2-oxoglutarate cosubstrate is decarboxylated to succinate and CO 2 (1) . The substrates for 2-OGDDs vary from proteins to DNA, RNA, and fatty acids (1) . Interestingly, a large number of 2-OGDDs act on the chromatin structure, most notably the ten-eleven-translocation 5-methylcytosine dioxygenases (TETs) and the Jumonji domain-containing histone demethylases (1) (2) (3) . The stability of the ␣ subunit of the key regulator of the hypoxia response, the hypoxia-inducible factor (HIF), is also regulated by 2-OGDDs, namely the HIF-prolyl 4-hydroxylases (HIF-P4Hs), also known as PHDs and EglNs (1, 2, 4) .
The TET enzymes convert the 5-methylcytosine (5-mC) in DNA sequentially to 5-hydroxymethylcytosine (5-hmC), 5-formylcytocine, and 5-carboxylcytocine, leading to DNA demethylation (3, (5) (6) (7) . 5-hmC is also likely to have its own epigenetic function beyond simply being a demethylating base (3) . The highest levels of 5-hmC are found in stem cells of various origins and in neural tissues (6, 7) . There are three human TET isoenzymes. TET1 is highly expressed in embryonic stem cells, whereas TETs 2 and 3 are required for normal hematopoiesis (8, 9) . Mutations in TET2 are frequently found in acute myeloid leukemia (AML) and in several other hematological malignances (9 -12) . The TETs are considered important epigenetic regulators of gene expression. 5-mC represses transcription when it is concentrated in promoters and CpG islands, whereas high 5-hmC levels are associated with active transcription (3) . It was shown recently in a neuroblastoma cell culture system that 5-hmC accumulates at or near the HIF binding sites, associated with increased expression of HIF target genes under hypoxic conditions (13) .
Mutations in genes encoding the Krebs cycle enzymes succinate dehydrogenase (SDH), fumarate hydratase (FH) and isocitrate dehydrogenase (IDH), and in its cytosolic isoenzymes, are found in paraganglioma, pheochromocytoma, uterine and skin leiomyoma, papillary renal carcinoma, glioma, and AML (14 -19) . These mutations result in accumulation of the 2-oxoglutarate analogues succinate, fumarate, and R-2-hydroxyglutarate (R-2HG), respectively (20, 21) . Fumarate and succinate have been shown to inhibit several 2-OGDDs competitively with respect to 2-oxoglutarate, whereas R-2HG is an inhibitor of all the other 2-OGDDs studied except for the HIF-P4Hs, the activity of which is supported by R-2HG (22) (23) (24) (25) .
We produced and purified Tets as recombinant proteins and measured their enzyme kinetics in vitro with respect to substrate, cosubstrates, and the iron cofactor. We also studied the ability of 2-oxoglutarate analogues to inhibit the catalytic activity of the TETs in vitro and that of fumarate and succinate in cellulo. We showed in cellulo that fumarate and succinate play a role in the regulation of certain HIF target genes via TET inhibition, suggesting that 5-hmC has a role in regulation of the hypoxia response.
Experimental Procedures
Expression and Purification of Recombinant Enzymes-The catalytic domains for murine Tets 1-3 in the pFasbac-HTb vector with a N-terminal FLAG tag were a gift from Dr. Y. Zhang (8) . Corresponding baculoviruses coding for Tet1 1367-2039 (NCBI reference sequence NP_001240786.1), Tet2 916 -1921 (NCBI reference sequence NP_001035490.2), and Tet3 697-1668 (NCBI reference sequence NP_898961.2) were generated using the Bac-to-Bac TOPO expression system (Invitrogen) and used for expression of the corresponding recombinant proteins in Sf9 insect cells in TNM-FH media supplemented with 10% fetal bovine serum. The cells were infected with the respective baculoviruses and harvested 72 h after infection, washed with PBS, and homogenized in a buffer containing 40 mM Tris, 300 mM NaCl, 0.2% Nonidet P-40, 0.2% Triton, 5 mM DTT, and protease inhibitor mixture without EDTA (Roche Applied Science). The soluble fractions were subjected to purification with an anti-FLAG M2 affinity gel (Sigma), and the fractions collected were analyzed using 12% SDS-PAGE under reducing conditions followed by Coomassie Blue staining.
Mutagenesis-To generate Tet2 mutants H1302Y, D1304A, H1802R, R1817S, and R1817M, the plasmid containing the wild-type Tet2 cDNA was used as a template in mutagenesis performed using the QuickChange Lightning site-directed mutagenesis kit (Stratagene) according to the manufacturer's protocol. The primers for individual mutations are shown in Table 1 . The corresponding baculoviruses were generated using the Bac-to-Bac TOPO expression system (Invitrogen) and used for expression and purification of the recombinant proteins as described for Tets 1-3.
Kinetic Activity Assays-The catalytic activities of the Tet enzymes were assayed by a modified version of the previously reported method based on measurement of the hydroxylationcoupled stoichiometric release of 14 CO 2 from 2-oxo[1-14 C]glutarate (26) . Oligonucleotides containing a 5-mC (5Ј-CTATA-CCTCCTCAACTT[5-mC]GATCACCGTCTCCGGCG-3Ј and 5Ј-Biotin-CGCCGGAGACGGTGAT[5-mC]GAAGTTG-AGGAGGTATAG-3Ј) were annealed together to prepare a double-stranded synthetic DNA for use as a substrate. The activity assays were carried out in a final volume of 50 l and the reaction mixture contained 2 g/l of bovine serum albumin, 50 mM Tris (pH 7.8), 0.1 mM DTT, 5 mM ascorbate, 0.05 mM FeSO 4 , 0.6 mM 2-oxo[1-14 C]glutarate, and 1.8 M DNA substrate. K m values for the substrate, cosubstrates, and cofactor were determined by varying the concentration of the component in question while keeping the concentrations of the others saturating and constant. The K m values for O 2 were determined in an InVivo400 hypoxia work station (Ruskinn). The relative V max values for the Tet2 mutants were determined with respect to that obtained with wild-type Tet2. The IC 50 values were studied by using 240 M 2-oxoglutarate and saturating concentrations of the other substrates in the presence of increasing concentrations of the respective 2-oxoglutarate analogue in the reaction mixture. The reaction mixtures were incubated at 37°C for 20 min.
Cell Culture Experiments with Diethyl Fumarate and Dimethyl Succinate-SK-N-BE(2) neuroblastoma cells were maintained in RPMI 1640 media supplemented with 10% fetal bovine serum. The cells for the normoxic experiments were incubated under 21% O 2 and 5% CO 2 , and the hypoxic experiments were conducted under 1% O 2 and 5% CO 2 in a Sci-tive hypoxia work station (Ruskinn). The cells for the diethyl fumarate (DEF) (Sigma) and dimethyl succinate (DMS) (Sigma) treatments were seeded 5-6 h prior to the initiation of the treatment at 35-45% confluence and treated with increasing concentrations of DEF or DMS (Sigma). The compounds were diluted in dimethyl sulfoxide (DMSO). The normoxic control cells and hypoxic cells were treated with an equivalent volume of DMSO. For the 48-h treatments, equal volumes and concentrations of the compounds were added every 24 h.
Determination of Intranuclear and Cytosolic Succinate Concentrations following DMS Treatment-Nuclear and cytosolic fractions were extracted from the cells using NEPER Nuclear and Cytoplasmic Extraction Reagent Kit (Thermo Scientific). To extract organic acids, the supernatant containing the cyto- solic fraction was subjected to an equal volume of ice-cold 8% perchloric acid and centrifuged. Similarly, the pellets containing the nuclear fractions were lysed in ice-cold 8% perchloric acid and centrifuged. The supernatants were neutralized by K 2 CO 3 and analyzed using an UPLC-MS/MS method modified from a previous report (27) . The chromatographic separation was performed at 30°C using an ACQUITY HSS C18 column (100 ϫ 2.1 mm, Waters Corp.) equipped with a ACQUITY UPLC pre-column filter. The eluents were A: 0.2% formic acid (Optima LC/MS, Fischer Scientific) in ultrapure H 2 O (v/v) and B: 0.2% formic acid in LC/MS-grade methanol (LiChrosolv GG). The chromatographic system used was Waters ACQUITY TM UPLC system (Waters Corp.). Detection of succinate was carried out using a Waters Xevo TM TQ-S triple quadrupole tandem mass spectrometer (Waters Corp.) with a Z-spray electrospray ionization source. The MS/MS reaction used for quantitation of succinate was m/z 117 Ͼ 73 and an additional MS/MS-reaction m/z 117 Ͼ 99 using 10 eV collision energy for both multiple reaction monitoring reactions.
Immunoblotting-Total cell extracts were obtained by lysing the cells in 50 mM Tris (pH 7.5), 150 mM NaCl, and 0.5% Nonidet P-40. The extracts were analyzed in SDS-PAGE under reducing conditions followed by Western blotting with polyclonal rabbit antibodies against human HIF-1␣ (Novus, NB100-479), HIF-2␣ (Novus, NB100-122), and IDH1 (Cell Signaling, number 3997), followed by ECL immunodetection. Western blotting for ␤-actin (Novus, NB600-501) was used as a loading control.
Quantification of 5-mC and 5-hmC by High Performance Liquid Chromatography Coupled with Tandem Mass Spectrometry-Genomic DNA was extracted from the cells by lysing the cells with a buffer containing 0.1 M Tris (pH 8.5), 5 mM EDTA, 0.2% SDS, 0.2 M NaCl, and 0.1 mg/ml of Proteinase K and subjecting the lysates for phenol-chloroform extraction. Genomic DNA was hydrolyzed enzymatically to nucleosides and run on a Zorbax XDB-C18 2.1 ϫ 50-mm column (1.8-mm particle size) attached to an Agilent 1200 Series liquid chromatography machine coupled to an Agilent 6410 Triple Quad Mass Spectrometer (13, 28, 29) .
Quantitative Real Time RT-PCR (qPCR)-Total RNA was isolated from the cells and purified using an EZNA total RNA kit (OMEGA Bio-Tek). Reverse transcription was performed with an iScript cDNA synthesis kit (Bio-Rad) and qPCR was performed in a CFX96 Real-time System (Bio-Rad). TATAbinding protein (TBP) was used as a housekeeping gene. The sequences of the primers are presented in Table 1 .
RNA Interference Experiments-SK-N-BE(2) neuroblastoma cells were transfected with TET1-targeting siRNA (Dharmacon ON-TARGETplus SMARTpool L-014635-03), TET3-targeting siRNA (Dharmacon ON-TARGETplus SMARTpool L-022722-02), or non-targeting control siRNA (Dharmacon ON-TARGETplus Non-targeting pool L001810) using Mirus TransIT-siQUEST transfection reagent (MIR 2114), according to the manufacturer's protocol 72 h before the initiation of treatment with DMSO, DEF, or DMS. The cells were passaged 48 h prior to the start of the treatment, and re-transfected with the siRNAs 16 -18 h prior to the treatment.
Statistical Analyses-Student's two-tailed t test was used for comparisons between two groups. All data are shown as mean Ϯ S.E. except for the enzyme kinetics and intranuclear and cytosolic succinate concentrations, which are shown as mean Ϯ S.D. (*, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.005).
Results

Kinetic Analyses of Tets 1 and 2 Indicate High Activity under
Hypoxia-The catalytic domains of the murine Tets 1-3 were expressed in insect cells as FLAG-tagged proteins and affinitypurified using anti-FLAG affinity chromatography ( Fig. 1 , A-C). The elution fractions were run on SDS-PAGE followed by Coomassie Blue staining. Tets 1 and 2 gave a higher yield on purification than did Tet3 (Fig. 1, A-C) .
The catalytic activities of Tets 1-3 were assessed by a method based on measurement of the hydroxylation-coupled stoichiometric release of 14 CO 2 from 2-oxo-[1-14 C]glutarate using a double-stranded DNA fragment containing 5-mC as a substrate. Tets 1 and 2 showed significant activity under these conditions, whereas the yield and activity of Tet3 was low ( Fig. 1 , A-C). We therefore concentrated the kinetic analyses on Tets 1 and 2.
The K m values of Tets 1 and 2 for the DNA substrate were 75 and 125 nM, respectively ( Table 2 ). The K m values for iron for Tets 1 and 2 were 4.8 and 3.6 M, respectively, being markedly higher than those for HIF-P4H-2, but in the range of those for the collagen prolyl 4-hydroxylase I ( Table 2 ). The K m values of Tets 1-2 for 2-oxoglutarate were 55-60 M, i.e. very similar to those for HIF-P4H-2 and slightly higher than those for the collagen prolyl 4-hydroxylase I ( Table 2 ). Interestingly, the K m values of Tets 1 and 2 for oxygen were 30 M (Fig. 1, D and E) , in the same range of ϳ40 M as for the collagen prolyl 4-hydroxylase I but markedly lower than for HIF-P4H-2 (Table 2) , indicating that Tets 1 and 2 also display significant activity under hypoxic conditions. Leukemic TET2 Mutations Impair Iron and 2-Oxoglutarate Binding-Many TET2 mutations are associated with myeloid malignances, including AML. We introduced point mutations into the three critical iron binding residues (His-1302, Asp-1304, and His-1802) and the 2-oxoglutarate coordinating residue (Arg-1817), which in three cases, H1802R, R1817S, and R1817M, served as models for reported AML-associated mutations in human TET2, namely H1881R, R1896S, and R1896M, respectively (9 -12) . We produced and purified the mutant proteins as recombinant proteins in insect cells ( Fig. 2A ) and studied the K m and V max values of the Tet2 mutants H1302Y, D1304A, and H1802R for iron and those of R1817M and R1817S for 2-oxoglutarate. The K m values for iron were increased by 30 -56-fold for the Tet2 H1302Y, D1304A, and H1802R mutants compared with wild-type Tet2 and their V max values were reduced by about 50% (Table 3, Fig. 2B ). The Tet2 R1817M mutant did not reach saturation at a 2-oxoglutarate concentration of 8 mM (Fig. 2C) , making it impossible to determine the exact K m value for 2-OG or V max for this mutant or for its serine counterpart, although these values must have been at least 80-fold higher than that for wild-type Tet2 ( Table 3) .
Succinate and Fumarate Are Efficient Inhibitors of Tets-We next studied the ability of the cancer-associated Krebs cycle 2-oxoglutarate analogues succinate and fumarate and an important metabolic regulator, citrate, to inhibit Tets 1-2 in vitro and compared the resulting IC 50 values of these for R-2HG and its enantiomer S-2-hydroxyglutarate (S-2HG). The IC 50 values of Tets 1 and 2 for fumarate were about 400 M and for succinate about 550 M (Table 4 and Fig. 3A and 3B ), whereas this value for citrate was Ͼ5 mM (Table 4 ). These findings were similar to those for HIF-P4H-2 apart from the case of fumarate, which was a more efficient inhibitor of HIF-P4H-2 than Tets 1 and 2 (Table 4 ). Among the cancer-associated 2-oxoglutarate analogues, fumarate was the most efficient Tet1 and Tet2 inhibitor, with succinate the second most efficient ( Table 4) .
Treatment of SK-N-BE(2) Neuroblastoma Cells with Fumarate and Succinate Alters the Genomic 5-hmC Content and Expression of HIF Target Genes-We have shown earlier that treatment of cells with the cell-permeable form of fumarate (DEF) increased the intracellular fumarate concentration about 2-fold (24) ( Table 5 ). We now analyzed the intracellular succinate levels following treatment with DMS and found significant increases to nearly 3-fold in the cytosol and nucleus ( Table 5) . To test whether fumarate and succinate alter the balance of 5-mC/5-hmC, we treated SK-N-BE(2) neuroblastoma cells that have been shown to gain 5-hmC density at or near HIF binding sites and across HIF target genes in response to hypoxia (13) with cell-permeable fumarate or succinate. The cells were exposed to increasing concentrations of fumarate or succinate for 48 h, and changes in global 5-hmC levels were determined by HPLC-MS/MS. We found that fumarate resulted in ϳ40% lower 5-hmC levels, whereas succinate treatment resulted in ϳ10% reduction, results that were statistically significant at the highest concentrations of the compounds (Fig. 3C) . No significant changes were observed in the global 5-mC content (Fig.  3D) .
Fumarate, but not succinate, stabilized HIF-1␣ in the SK-N-BE(2) cells under normoxia when analyzed by Western blotting, whereas both fumarate and succinate modestly induced HIF-2␣ (Fig. 4, A and B) . Fumarate and succinate did not alter the protein levels of IDH1 (Fig. 4C) . Interestingly, the mRNA levels of TET1 and TET2 were down-regulated, whereas TET3 mRNA was up-regulated by fumarate ( Fig. 4D ). Succinate treatment did not alter mRNA levels of TET1/2/3 (Fig. 4E ). Treatment of cells with 1% O 2 significantly increased the expression of TET1 mRNA by about 150%, as reported earlier (13), but reduced the expression levels of TET2/3 by about 30% (Fig. 4F) .
We next analyzed the expression levels of selected HIF target genes in neuroblastoma cells following hypoxia and treatment with fumarate or succinate. All the genes analyzed were significantly increased by hypoxia, as expected ( Fig. 4G) . We observed that the expression level of vascular endothelial growth 
TABLE 2 K m values of Tets 1 and 2 by comparison with HIF-P4H-2 and collagen prolyl 4-hydroxylase I (C-P4H-I) for the substrate, cosubstrates and cofactor
The values are mean Ϯ S.D. of 3 to 7 independent assays. factor A (VEGFA) mRNA increased to 130% by fumarate ( Fig.  4H) . In contrast, succinate treatment decreased VEGFA mRNA levels by 30% at the highest compound concentration (Fig. 4I ). The level of BNIP3 mRNA was also increased 200% by fumarate, whereas succinate did not affect its level (Fig. 4, H and I) .
Compound
The level of phosphoglycerate kinase 1 (PGK1) mRNA was decreased by 40% with fumarate and 30% with succinate ( Fig. 4,  H and I) . Fumarate treatment also reduced the hexokinase 2 (HK2) and enolase 1 (ENO1) mRNA levels by ϳ40% (Fig. 4H ). Succinate treatment caused slightly less of a decrease in HK2 mRNA levels (Fig. 4I ). Neither fumarate nor succinate altered the mRNA levels for IDH1 (Fig. 4, H and I) . These data suggest that HIF␣ stabilization alone is not sufficient to induce all the HIF target genes, but that the TETs and 5-hmC are likely to provide another level of regulation for HIF target genes.
Silencing of TETs 1 and 3 Alters HIF Target Gene Expression-
To understand the roles of the TETs in the regulation of the selected HIF target genes via 5-hmC we silenced TETs 1 or 3 with siRNA pools containing four siRNAs against each mRNA in the SK-N-BE(2) cells (Fig. 5, A and B) . We also treated the cells in which TET1 or TET3 was silenced with selected concentrations of fumarate and succinate, shown in previous 
TABLE 3 K m and V max values of AML-associated Tet2 mutants for iron and 2-oxoglutarate
The values are mean Ϯ S.D. of 3 to 7 independent assays. experiments to inhibit TET catalytic activity, and determined the levels of global genomic 5-hmC and 5-mC. As in the case of the non-transfected cells (Fig. 3C ), a reduction in 5-hmC levels was observed in cells treated with a control siRNA together with either fumarate or succinate (Fig. 5C ). No significant changes were observed in the global 5-mC content (Fig. 5D ).
Variable measured
Silencing of TET1 alone reduced the level of 5-hmC by about 15% (Fig. 5C) , and the addition of fumarate or succinate to the TET1 siRNA further reduced the 5-hmC levels (Fig. 5C ), whereas no significant differences were observed in the 5-mC levels (Fig. 5D ). Silencing of TET3 alone did not significantly alter the 5-hmC or 5-mC levels (Fig. 5, C and D) . We also studied the expression levels of the selected HIF target genes following TET1 and TET3 silencing. Our data show that silencing of TET1 and TET3 alone reduced the expression level of VEGFA mRNA significantly by about 30 and 20%, respectively (Fig. 5E ). Similar reductions of ϳ30 and ϳ20% were observed in the expression of HK2 mRNA following the silencing of TET1 and TET3, respectively (Fig. 5F) . Despite a trend for lower levels, no significant reductions were found in the expression levels of the other mRNAs studied, those for BNIP3, PGK1, and ENO1, following TET1 or TET3 silencing (Fig. 5G ). When the cells in which TET1 or TET3 was silenced were treated with fumarate, VEGFA mRNA was induced (Fig.  5E ), opposite to our observations when TET1 or TET3 only were silenced. Succinate treatment prevented the down-regulation of VEGFA mRNA observed with TET1 and TET3 siRNAs but did not itself induce VEGFA mRNA above baseline (Fig.  5E ). Interestingly, fumarate treatment in combination with A and B, HIF-1␣ (A) and HIF-2␣ (B) protein levels determined by immunoblotting in SK-N-BE(2) cells exposed to hypoxia (1% O 2 ) or incubated with increasing concentrations of DEF or 5 mM DMS for 48 h. ␤-Actin was used as a loading control. C, IDH1 protein levels were determined by immunoblotting in SK-N-BE(2) cells incubated with increasing concentrations of DEF or DMS for 48 h. ␤-Actin was used as a loading control. D-F, qPCR analysis of TET1-3 mRNA expression levels in cells treated with increasing concentrations of DEF (D), DMS (E), or exposed to hypoxia (1% O 2 ) (F) for 48 h (n Ն 3). G-I, qPCR analysis of selected HIF target genes in cells exposed to hypoxia (1% O 2 ) (G) or treated with increasing concentrations of DEF (H) or DMS (I) for 48 h (n Ն 3). All graphs represent mean Ϯ S.E. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.005.
TABLE 5 Cellular concentrations of succinate in SK-N-BE(2) cells incubated with DMSO or DMS for 48 h in comparison to fumarate levels in cells incubated with DEF
The values are means Ϯ S.D. of 3 independent assays. FEBRUARY 19, 2016 • VOLUME 291 • NUMBER 8
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TET1 or TET3 silencing further reduced HK2 mRNA levels, whereas a combination treatment with succinate did not have any effect (Fig. 5F ).
Discussion
Hypoxia has been shown to increase global 5-hmC levels via HIF-1-dependent induction of TET1 (13) . Because TETs require O 2 for their reaction, the increase in their product under hypoxia raised the question of their requirement for this cosubstrate. We therefore determined the K m values of Tets 1 and 2 for molecular oxygen and show that their activity is not highly dependent on oxygen, consistent with these enzymes remaining catalytically active when induced by hypoxia (13) . The low K m value for O 2 is also in line with the physiological role for the TETs in hypoxic environments such as bone marrow and during development, two settings where they are known to be highly expressed (6, 8) .
Mutations in TET2 iron and 2-oxoglutarate-binding residues have been reported in patients with hematological malignances including AML (9 -12) . We introduced some of these cancer-associated mutations into murine Tet2 and studied their effect on its catalytic activity and Fe 2ϩ and 2-oxoglutarate requirements. The cancer-associated mutants had K m values for iron and 2-oxoglutarate that were substantially greater than those of wild-type Tet2, whereas their V max values were reduced by at least 50%, suggesting that these mutations resulted in a profound catalytic deficiency in TET2 activity. None of the mutants studied had completely lost its catalytic activity, however, raising the possibility that increasing the local concentration of iron or 2-oxoglutarate in the bone marrow could at least partially restore their activity and even reverse their oncogenic properties.
Mutations in SDH and FH are found in cases of paraganglioma, pheochromocytoma, uterine and skin leiomyoma, and papillary renal carcinoma (14 -17) . These mutations cause the accumulation of succinate and fumarate, respectively, and have been shown previously to signal at least partially via the HIF-P4Hs, resulting in HIF stabilization (20, (22) (23) (24) . Our data show that fumarate and succinate are potent inhibitors of Tets 1 and 2, with IC 50 values around 400 -500 M. We also show that the treatment of cells with fumarate and succinate reduced global 5-hmC levels, which is in agreement with our in vitro enzyme kinetic data. Despite the similar IC 50 values, fumarate reduced the global 5-hmC levels of neuroblastoma cells more succinate. It is possible that this difference accounts for differences in intracellular succinate and fumarate metabolism. As fumarate reduced the mRNA levels for TET1 and TET2 and increased that for TET3 we cannot exclude the possibility that in addition to catalytic inhibition alteration in the proteins levels of TETs might have contributed to the changes in global 5-hmC levels. Knock-down of FH, SDHA, and SDHB that accumulate fumarate and succinate, respectively, have also shown to down-regulate 5hmC levels in HEK293T cells (30) . Furthermore, it has been reported that fumarate and succinate can also inhibit the human histone H3K36 demethylase KDM4A, with IC 50 values of 1.5 and 0.8 mM, respectively, and induce genome-wide histone methylation in cellulo, likely adding to the epigenetic regulation that occurs via these metabolites (30) . This is also suggested by the differential outcome with respect to hypoxiainducible gene expression following fumarate or succinate treatment and hypoxia, which both stabilize HIF␣. Because fumarate and succinate accumulate to high millimolar levels in human SDH and FH mutant cancers (20) , it is likely that TETs are inhibited in these tumors and that their inhibition, resulting in an alteration in 5-hmC levels, affects the biological behavior of these cancers. This reported hypermethylator phenotype in SDH mutant paragangliomas is consistent with this view (31) . In contrast, reduced global 5-hmC levels have been reported in other cancers such as melanoma, glioma, prostate, colon, breast cancers, and in esophageal squamous cell carcinoma although the mechanism(s) underlying the loss of 5-hmC in these cancers is not known (32) (33) (34) (35) .
It has been shown recently that full induction of the hypoxiaresponsive transcriptional program in aggressive neuroblastoma cells requires not only HIF stabilization but also TET1 induction and the resultant accumulation of 5-hmC in the hypoxia response elements (13) . Consistent with these data, we show here that when the catalytic activity of the TETs is inhibited by fumarate the expression levels of the glycolytic HIF-1␣ target genes PGK1, HK2, and ENO1 (36) decline despite simultaneous HIF-1␣ and HIF-2␣ stabilization. Treatment of the same cells with succinate, which only stabilized HIF-2␣ and not HIF-1␣, had a similar but smaller effect on the expression levels of PGK1 and HK2, but no statistically significant effect on ENO1. Altogether the data suggest that the local 5-hmC content plays a crucial role in the induction of these glycolytic HIF target genes (Fig. 6 ). However, not all hypoxia-responsive genes were down-regulated when the cells were treated with fumarate or succinate, as fumarate treatment increased the expression of VEGFA and BNIP3 mRNAs, whereas succinate did not affect the BNIP3 mRNA levels at all and reduced the VEGFA mRNA. These data suggest that lower 5-hmC levels were not sufficient to down-regulate the expression of BNIP3 and VEGFA mRNAs, but that this was principally driven by the fumaratemediated stabilization of HIF-1␣ ( Fig. 6) .
To verify the involvement of TETs in the regulation of these HIF target genes by fumarate and succinate, we silenced TET1 and TET3 and studied their expression. Loss of TET1 and TET3, similar to treatment with succinate, down-regulated VEGFA mRNA. In contrast, fumarate induced VEGFA mRNA, presumably because the robust induction of HIF by fumarate offsets its inhibitory effects on the TET enzymes. On the other hand, silencing of TET1 and TET3 alone significantly or almost FIGURE 6. Fumarate and succinate regulate HIF target gene expression via TETs. FH and SDH mutations with impaired enzyme activity are found in various cancers, where they cause the accumulation of fumarate or succinate, respectively. Fumarate inhibits the TETs and HIF-P4Hs, leading to a reduction in global 5-hmC levels and HIF-1␣/HIF-2␣ stabilization, respectively. Expression of the glycolysis-associated HIF1 target genes PGK1, HK2, and ENO1 was reduced in cells treated with fumarate, suggesting that the TETs and 5-hmC have a crucial role in the regulation of these genes. The expression of VEGFA and BNIP3 mRNAs was nevertheless, increased in cells treated with fumarate, suggesting that these genes are more driven by HIF-1␣/HIF-2␣ stabilization than by the reduction in 5-hmC levels. *, cells treated with succinate showed reductions in VEGFA, PGK1, and HK2 mRNA expression, suggesting that the TETs and 5-hmC can regulate their expression when HIF-1␣ is not stabilized. HIF target genes are thus regulated in a multilayered manner in which 5-hmC acts as an additional layer of regulation. Not all HIF target genes are regulated equally by 5-hmC, suggesting that there could be promoter-specific gains and reductions in 5-hmC via TETs. significantly reduced, respectively, HK2 mRNA levels and the addition of fumarate potentiated the effects of TET1 or TET3 silencing. This suggests that the relative contributions of local 5-hmC levels and HIF protein levels differ for different HIF target genes. As TET knock-out cells were not available, and the levels of TET1 and TET3 knockdowns were moderate, we cannot exclude the possibility that other factors, in addition to TET inhibition, contributed to the observed changes in gene expression in vivo following fumarate or succinate treatment.
Overall, the present data show that hypoxia-inducible genes are regulated in a multilayered manner that includes HIF stabilization as well as epigenetic regulation via TETs and 5-hmC levels (Fig. 6 ). Not all HIF target genes are regulated equally via TETs. Fumarate and succinate can regulate global 5-hmC levels and the induction of HIF target genes via TET inhibition (Fig.  6 ). In the SDH and FH mutant tumors, and perhaps even in the IDH1 mutants that also associate with the DNA hypermethylator phenotype (37) , inhibition of TETs by the accumulating 2-oxoglutarate analogues may well contribute to gene regulation and oncogenesis. Table 5 . W. G. K. and L. A. G. took part in conception and design of the study and L. A. G. additionally contributed to analysis and interpretation of data. P. K. designed and coordinated the study and wrote the paper. All authors reviewed the results and approved the final version of the manuscript.
